b Anaplasma marginale subsp. centrale was the first vaccine used to protect against a rickettsial disease and is still in widespread use a century later. As its use preceded development of either cryopreservation or cell culture, the vaccine strain was maintained for decades by sequential passage among donor animals, excluding the natural tick-borne transmission cycle that provides a selective pressure or population "bottleneck." We demonstrated that the vaccine strain is genetically heterogeneous at 46 chromosomal loci and that heterogeneity was maintained upon inoculation into recipient animals. The number of variants per site ranged from 2 to 11 with a mean of 2.8/locus and a mode and median of 2/locus; variants included single-nucleotide polymorphisms, insertions/deletions, polynucleotide tracts, and different numbers of perfect repeats. The genetic heterogeneity is highly unlikely to be a result of strain contamination based on analysis using a panel of eight gene markers with a high power for strain discrimination. In contrast, heterogeneity appears to be a result of genetic drift in the absence of the restriction of tick passage. Heterogeneity could be reduced following tick passage, and the reduced heterogeneity could be maintained in sequential intravenous and tick-borne passages. The reduction in vaccine strain heterogeneity following tick passage did not confer an enhanced transmission phenotype, indicating that a stochastically determined population bottleneck was likely responsible as opposed to a positive selective pressure. These findings demonstrate the plasticity of an otherwise highly constrained genome and highlight the role of natural transmission cycles in shaping and maintaining the bacterial genome.
H
eifer 906, about 18 months old, arrived in Pretoria on the 28th October, 1909, and was immediately placed in a clean stable and kept free from ticks. The temperature was taken twice daily and a detailed record kept; no deviations from normal were observed. On the 7th December, 1909 -thirty-eight days after arrival-she was tapped and 20 c.c. defibrinated blood were injected into calf 881 (1) ." These precise notes by Arnold Theiler (later Sir Arnold Theiler) describe the isolation and first expansion of Anaplasma marginale subsp. centrale (originally described by Theiler as A. marginale "variety" centrale; it has been renamed A. marginale subsp. centrale in keeping with current taxonomic convention). As shown in a series of experiments conducted early in 1910, A. marginale subsp. centrale was both attenuated relative to A. marginale sensu stricto and capable of inducing protection against virulent A. marginale (1) . These results led directly to the use of this organism as a live vaccine to prevent severe morbidity and mortality due to tick-borne anaplasmosis, representing the first rickettsial vaccine (1, 2) . Initially deployed in South Africa, use of this live vaccine spread during the 20th century to tropical and subtropical countries throughout Africa and in Asia, Australia, and Latin America and remains in use today (3) . In Australia alone, nearly a million doses of vaccine have historically been used annually (3) .
While this extensive record is by itself rare among live bacterial vaccines, the propagation history of the vaccine provides a unique opportunity to examine genetic drift over time. Following its initial isolation described above, the vaccine strain was maintained by sequential passage among cattle until the 1970s when cryopreservation was developed and then implemented (3, 4) . Importantly, passage over this approximately 70-year period was only by intravenous inoculation, eliminating any selective pressure or population "bottleneck" that may occur during the natural transmission cycle in which the bacteria colonize and replicate in the midguts and salivary glands of ixodid ticks prior to transmission (5) . As positive selection has been identified to occur early in colonization of the tick midgut by sensu stricto A. marginale strains (6, 7), we hypothesized that long-term propagation without tick passage has resulted in genetic heterogeneity in the vaccine strain. If this is correct, we would further predict that passage through a natural tick vector can restrict this heterogeneity. In the present work, we test these hypotheses and report the results in the context of bacterial genetic drift.
MATERIALS AND METHODS
Identification of variable loci within the Anaplasma marginale subsp. centrale vaccine strain. The 1.2-Mb vaccine strain was sequenced using the whole-genome shotgun method with approximately 6.5ϫ coverage (8) . During the closure phase of the project, multiple sequence gaps were noted to be refractory to closure: sequencing across adjacent contigs resulted in observed single-nucleotide polymorphisms (SNPs) and nucleotide insertions/deletions (indels). In order to exclude the possibility that the variations found were the result of chimeric cloning artifacts and/or areas of misassembled sequence, locus-encompassing subclones were se-quenced to completion by primer walking, and their inserts were sized by restriction digestion (8). Individual subclone sizes were then compared to their predicted sizes following alignment of their complete sequence to the adjacent areas of nonvariant sequence. In addition, a BLAST searchable database was constructed for all of the initial assembly contigs and nonincorporated singleton sequences. For each described locus, subclone sequences were searched for their respective locations, with particular attention paid to subclone ends. The A. marginale subsp. centrale genome sequence available from GenBank (accession number CP001759) and reported previously (8) reflects the most frequently observed subclone or PCR product sequence in the observed variable loci.
Screening for the presence of multiple strains. Individual A. marginale strains can be distinguished by their complement of outer membrane proteins (Omps), shown to be capable of inducing protective immunity (9) (10) (11) . A panel of eight omp genes as strain markers was developed based on either completed genome sequences (St. Maries and Florida strains) (12, 13) or by searching the whole-genome shotgun contig database at NCBI and constructing the gene sequences from the available contigs (Oklahoma, South Idaho, and Washington-Okanogan strains) (13) . As the omp10 sequences were incomplete in the available contigs for the Oklahoma, South Idaho, and Washington-Okanogan strains, a combination of PCR, cloning, and sequencing using primers in the known flanking regions was used to complete the sequences. Pairwise Clustal alignment was used to enumerate sequence differences among the Ompencoding genes.
Locus variation within the bacterial population following livestrain vaccination and tick transmission of the vaccine strain. Population variation was measured at four loci identified as being variable in the original sequencing of the vaccine strain by sequencing fosmid libraries and cloned PCR products derived from either (i) calves vaccinated with the live strain, (ii) infected ticks that fed on vaccinates, or (iii) calves infected with the vaccine strain following transmission. The animals and passages are shown in Fig. 1 . Seronegative (14) calves were intravenously inoculated with 10 8 organisms of the A. marginale subsp. centrale vaccine strain (animals V 1 to V 3 ). Blood samples were collected during acute bacteremia for DNA isolation. During acute bacteremia, adult male Dermacentor andersoni ticks were allowed to attach and feed for 7 days (15) . Following incubation to allow digestion of the blood meal, cohorts of 500 ticks were allowed to transmission feed on uninfected calves; the ticks that initially acquired infection by feeding on vaccinate V 1 were allowed to feed on calf TT 1 , ticks that fed on V 2 were allowed to feed on TT 2 , and ticks that fed on V 3 were allowed to feed on TT 3 . DNA was isolated from individual tick midguts and salivary glands following transmission feeding, from tick saliva samples induced following transmission feeding, and from blood samples from calves TT 1 to TT 3 following successful tick transmission of the vaccine strain (16) . Fosmid libraries of approximately 40 kb were constructed with the CopyControl fosmid library production kit (Epicentre Biotechnologies). The resulting clones were selected, transferred to 96-well plates, and arrayed on Hybond Nϩ membranes using an automated colony picker (Genetix QPixII). Digoxigenin-labeled probes were used to screen for the loci of interest, and DNA was isolated from positive clones with the PerfectPrep bacterial artificial chromosome (BAC) kit (5 Prime). PCR and cloning were performed with Pfx Supermix and the Zero Blunt cloning kit (Life Technologies), and all sequencing was carried out on an ABI Prism 3130xl genetic analyzer. Sequence analysis was performed using a combination of Sequencher (GeneCodes) and Vector NTI (Life Technologies).
Locus variation and transmission phenotype of the vaccine strain following selection by tick passage. Following the observation that locus variation was reduced following successful tick transmission of the live vaccine strain to animal TT 2 , this "tick passage-selected" bacterial population was transmitted by intravenous inoculation to an uninfected calf (TP 1 ). Using the same procedures described above for the live vaccine strain in animals V 1 to V 3 , male D. andersoni ticks were allowed to acquisition feed on TP 1 and then subsequently transmission fed on an uninfected calf (TP 2 ) using 500 ticks (Fig. 1) . DNA was isolated from the individual tick midguts and salivary glands following transmission feeding, from tick saliva induced following transmission feeding, and from blood samples from both TP 1 and TP 2 during acute bacteremia. For locus variation, the same sequencing procedures were used as described above for V 1 to V 3 and TT 1 to TT 3 . For phenotypic variation, the tick infection rate (number of fed ticks that acquired infection) and the bacterial load per midgut, per salivary gland pair, or per microliter of saliva were determined using quantitative real-time msp5 PCR, as previously described in detail (16) . In addition, a second cohort of ticks acquisition fed on TP 1 was used to test whether the threshold for transmission of the vaccine strain had been decreased by feeding 100 ticks on an uninfected recipient calf (TP 3 ). For comparison to the initial, unselected vaccine strain, ticks from the same cohort were acquisition fed on V 3 and then transmission to an uninfected recipient calf (TT 4 ) was attempted. Following attempted transmission, both calves, TP 3 and TT 4 , were screened daily for evidence of infection by microscopic examination of Giemsa stained blood films and by nested msp5 PCR for 90 days (17) .
RESULTS
Identification of variable loci within the Anaplasma marginale subsp. centrale vaccine strain. Based on whole-genome shotgun sequencing, 46 variable loci were identified in the vaccine strain genome ( Table 1 ). The possibility that these variable loci were the result of chimeric cloning artifacts was excluded by determining the actual size of subclones that encompassed the complete locus by restriction enzyme digestion, followed by comparison to the predicted in silico size after joining the complete subclone sequence to the adjacent nonvariant sequences. Similarly, the pos- Animals V 1 to V 3 were inoculated intravenously with the vaccine strain and then used as the source for acquisition feeding of ticks for transmission to TT 1 to TT 4 . TP 1 was inoculated intravenously with the tick-passaged bacteria from TT 2 and then used as the source for acquisition feeding of ticks for transmission to TP 2 and TP 3 . Cohorts of 500 ticks were used for transmission to TT 1 -TT 3 and TP 2 ; cohorts of 100 ticks were used for transmission to TT 4 and TP 3 . Gray shading indicates animals infected by tick transmission.
sibility of misassembly was minimized utilizing the BLAST database of contigs and singletons. Subclones that satisfied the sizematching criterion described above were included in the analysis only if they were found to be anchored to a unique region within the genome assembly at one or both termini. The number of variants per site ranged from 2 to 11 with a mean of 2.8 per locus and a mode and median of 2 per locus. The majority of the changes between variants at a given locus were SNPs (25/46), seven of these also were accompanied by an indel, and one by variation in a polynucleotide tract. There was one locus in which variation was characterized by differences in the number of perfect repeats and seven in which the differences were only in the length of polynucleotide tracts. Locus variation was present in both intergenic (13/ 46) and coding regions (33/46). Of the SNP and indel variants within coding regions, none were predicted to result in frameshifts or premature truncation of encoded proteins.
Screening for multiple strains. Genetic heterogeneity could reflect contamination with an additional strain or strains either in the initial 1909 isolation, in which the strain was isolated directly from blood from an infected animal, or subsequently during the sequential in vivo passages of the vaccine strain that were required to maintain the vaccine stock prior to development of cryopreservation. To screen for multiple strains, a panel of eight Omp-encoding genes was developed and tested using five A. marginale sensu stricto strains with subsequent comparison to the A. marginale subsp. centrale vaccine strain (Table 2 ). Most sensu stricto strains could be distinguished using any individual omp nucleotide sequence; all strains could be distinguished by sequence differences when multiple genes were examined. The comparison between the Florida and Washington-Okanogan strains illustrates the discriminating power of the panel. While three omp genes, omp11, omp12, and omp13, are identical between the two strains, there are marked differences in the other five omp genes and a panel-wide cumulative total of 311 nucleotide differences between the two ( Table 2) . Comparison of the vaccine strain to the sensu stricto strains revealed even more dramatic differences at each omp gene: the vaccine strain could be clearly distinguished using any individual omp sequence ( Table 2 ). The vaccine strain was a significant outlier compared to the sensu stricto strains; there were significantly more sequence differences between the vaccine strain and sensu stricto strains than among the sensu stricto strains (Student's t test with correction for multiple comparisons). This held both for any of the individual omp genes (P values ranged from P ϭ 1 ϫ 10 Ϫ7 for omp7 to P ϭ 3 ϫ 10 Ϫ19 for omp12) or the full panel (P ϭ 2 ϫ 10 Ϫ7 ). There was no observed sequence heterogeneity at any of the eight loci within the vaccine strain, consistent with the lack of any contamination with additional strains.
Locus variation within the bacterial population following live-strain vaccination and tick transmission of the vaccine strain. Locus 56 was selected for initial tracking of heterogeneity following live vaccination of individual calves and subsequent tick transmission of the vaccine strain due to the magnitude of difference (261 bp, reflecting either one iteration of the sequence or a second perfect repeat within the locus) between the two variants at this site. The presence of both variants could be detected in all three live-strain vaccinates, V 1 to V 3 ( Fig. 2A) , consistent with its detection in the sequenced genome and maintenance by intravenous passage. Interestingly, following tick transmission, three different patterns of locus 56 variant predominance were observed during acute bacteremia: the populations in TT 1 and TT 2 were skewed toward the two-repeat variant and one-repeat variant, respectively, while the population in TT 3 was clearly represented by both variants (Fig. 2B) . To test whether this reflected the presence of only a single variant in the transmitting tick population, salivary glands from individual ticks that transmission fed on TT 1 , TT 2 , or TT 3 were screened. Both locus 56 variants could be identified in individual ticks (Fig. 2C) , regardless of whether both variants were equally represented following transmission, e.g., both variants were identified in individual ticks that transmitted to TT 1 (the bacteremia in TT 1 had a population skew toward the two-repeat variant at locus 56), TT 2 (the bacteremia in TT 2 which had a population skew toward the one-repeat variant) and those that transmitted to TT 3 (which had no apparent skew in the bacteremia).
Testing the cohorts of ticks revealed that there was no significant difference (P ϭ 0.59 by Fisher's exact test) in the proportion of each locus 56 variant type between the ticks that transmitted to TT 1 and those that transmitted to TT 2 . Locus variation following selection by tick passage. On the basis of the observation that locus variation can be reduced following successful tick transmission of the live vaccine strain as evidenced by animal TT 2 , we tested whether reduced locus 56 variation was maintained with subsequent passage. The "tick passage-selected" bacterial population was transmitted by intravenous inoculation of blood from TT 2 into a seronegative, uninfected calf (TP 1 ). Ticks were subsequently allowed to acquisition feed on TP 1 and then transmission feed on TP 2 . The locus 56 variants were then examined in TP 1 during acute bacteremia, the salivary glands of ticks that transmitted to TP 2 , and the acute bacteremia in TP 2 . The reduced heterogeneity originally observed in TT 2 was maintained in TP 1 , in the salivary glands of individual transmission-fed ticks, and in TP 2 (Fig. 3A) . Direct comparison between the locus variant populations in TP 1 and in V 3 following initial infection with the live vaccine strain confirmed that the loss of heterogeneity was statistically significant (Fig. 3B ) (P Ͻ 0.0001 by chi-square test). We then examined whether loss of heterogeneity occurred at independent loci elsewhere in the genome. Variants in loci 45, 51, and 52 have both SNPs and indels; locus 52 is intergenic, the other two are within coding regions. Comparison of variants in all three loci revealed a progressive and significant loss of heterogeneity following tick transmission in TT 2 , TP 1 , and TP 2 compared to the initial vaccine strain, represented by both V 2 and V 3 (Fig. 4) . Transmission phenotype following selection by tick passage. To test whether passage by tick transmission and the reduced locus heterogeneity reflected phenotypic selection for enhanced colonization and replication within the tick vector, we compared the tick infection rate and bacterial load in the midguts, salivary glands, and saliva of adult male D. andersoni that had acquisition fed on either V 3 or TP 1 and were then transmission fed. There were no statistically significant differences in the infection rates for midguts, salivary glands, and saliva; there were also no significant differences in the bacterial loads in the midguts, salivary glands, and saliva (Table 3) . Consistent with this lack of difference in colonization and replication, there was no marked reduction in the number of ticks required to successfully transmit the vaccine strain following the reduction in locus heterogeneity by tick passage: 500 adult D. andersoni that were acquisition fed on either V 3 or TP 1 successfully transmitted the bacteria, while 100 ticks acquisition fed at the same time failed to transmit regardless of whether ticks were acquisition fed on V 3 or TP 1 . These results are consistent with prior data indicating that the live vaccine strain could be successfully transmitted only with Ͼ250 ticks (18) .
DISCUSSION
We accept the hypothesis that the A. marginale subsp. centrale vaccine strain is genetically heterogeneous, characterized by the presence of variant sequences at 46 loci distributed throughout the chromosome. That these locus variants represent true genotypic diversity within the vaccine strain, rather than artifact, is supported by the following five lines of evidence. (i) The diversity was initially detected by sequencing a library of mechanically generated fragments, and the size of an individual variant could be definitively mapped to the genome. (ii) The identical divergent sequence was detected in multiple independent clones. (iii) Genotypic variation was consistent with retention of function-none of the SNP or indel changes resulted in premature truncation or frameshifts. (iv) For the four loci examined in depth, diversity was observed in at least four infected animals. (v) Using locus 56 as a marker, diversity could be detected at each step of the bacterial life cycle, in blood during acquisition feeding, in colonized ticks, and in the acute bacteremia following transmission.
The genotypic diversity is highly unlikely to result from either original isolation of two or more strains or from subsequent contamination with a different strain. Using the panel developed for the current study, A. marginale sensu stricto strains isolated within the same geographical region (e.g., the St. Maries, WashingtonOkanogan, and South Idaho strains) could be unambiguously discriminated. The omp sequences of the vaccine strain are even more divergent ( Table 2 ), suggesting that contamination with a sensu stricto strain would be readily detectable. The caveat to this conclusion is that very little is known of the diversity among A. marginale strains in southern Africa, where the original isolation occurred. If the interstrain diversity, including that between A. marginale subsp. centrale and A. marginale sensu stricto, was remarkably lower in southern Africa than in the Americas, there is a possibility that the presence of a second strain could be missed by the multi-omp panel approach used here.
In contrast, the presence of differing numbers of variants at individual loci, ranging from 2 to 11, suggests that strain contamination is highly unlikely versus genetic drift over time at specific loci sensitive to variation, including the detected variation in polynucleotide tracts. This heterogeneity would appear most likely to have been generated over the long period when the vaccine strain was maintained by serial animal passage, prior to development of cryopreservation (4) . These mutations appear to have a minimal impact on microbial fitness in terms of bacteremia: there was no apparent difference in the bacteremia levels in animals TT 2 , TP 1 , and TP 2 with reduced heterogeneity compared to the levels in V 1 , V 2 , and V 3 in which there was clear population heterogeneity. Thus, in the absence of any additional selective pressure, the mutations could be maintained within the vaccine strain. We accept the hypothesis that tick passage can restrict the heterogeneity observed in the vaccine strain based on the multilocus restriction observed in TT 2 and then maintained in TP 1 and TP 2 . This reduction in heterogeneity does not appear to reflect a strong selective pressure for colonization, replication, or transmission fitness in the tick. There were no significant differences in infection rate or bacterial numbers in any tick tissue between ticks that had acquisition fed on V 3 , which had been vaccinated with the heterogeneous vaccine strain, and those that had fed on TP 1 , in which heterogeneity was significantly reduced. Similarly, there was no evident reduction in the threshold for tick transmission of the vaccine strain: 500 ticks successfully transmitted from both V 3 and TP 1 , while 100 ticks fed at the same time failed to transmit. While these transmission studies would not have detected a minor reduction in the threshold for transmission, they are consistent with both the quantitative data showing no difference in tick infection rates, colonization, and replication as well as prior data indicating that Ͼ250 ticks were required for transmission of the vaccine strain (18) .
The observed restriction in heterogeneity appears to be stochastic rather than strong positive selection. Although transmission to TT 2 resulted in restriction of heterogeneity, this was neither consistent (e.g., there was no loss of heterogeneity in TT 3 ) nor linked to a clear restriction in the salivary glands of the transmitting ticks (e.g., both variants were represented in the population, and individual ticks could carry more than one locus variant). A parsimonious explanation for this observation is that very few ticks, and perhaps a single tick, is responsible for transmission. If the salivary gland from the tick contains the locus 56 variant with one 261-bp repeat, the pattern exemplified by TT 2 would occur. Similarly, the pattern shown by TT 1 or TT 3 would occur when a single tick was colonized with either the two-repeat locus 56 variant or both variants, respectively. Consistent with this explanation was the identification of individual ticks colonized with the onerepeat locus 56 variant, the two-repeat variant, or both variants. A single tick colonized with a highly infectious A. marginale sensu stricto strain has been shown to transmit infection (19) . The requirement for numerous ticks to transmit the attenuated vaccine strain may be related more to the effects of tick feeding to dampen the host inflammatory response and lower the threshold for transmission than to the number of ticks that actually transmit infection (20) (21) (22) . In contrast to intravenous inoculation of the vaccine strain, when Ն10 8 bacteria are introduced (3, 23) , an individual tick secretes a small inoculum, roughly 100 bacteria per l of saliva, thus dramatically reducing the effective population size with a corresponding stochastically determined loss in heterogeneity. This has been reported in Trypanosoma brucei development within the tsetse fly in which heterogeneity is dramatically reduced, as the first mutant to invade the salivary gland then predominates (24) . The bottleneck for A. marginale subsp. centrale in the tick appears more likely to occur at transmission, either by the need for only a few ticks to transmit or a bottleneck at the point of salivary secretion. The natural cycle of A. marginale transmission, tick acquisition by feeding on a bacteremic mammal, followed by transmission to initiate a new mammalian infection, would be expected to dramatically reduce or eliminate heterogeneity within several cycles.
In summary, we have identified remarkable multilocus genetic heterogeneity in a widely used live bacterial vaccine. These findings demonstrate the plasticity of an otherwise highly constrained genome (8, 13) and highlight the role of natural transmission cycles in shaping and maintaining the bacterial genome. a The values for ticks from calves V3 and TP1 exposed to a vaccine strain or tick passage strain. Calves V3 and TP1 were acquisition-fed calves. Calves TT3, TT4, TP2, and TP3 were transmission-fed calves. Calves TT3 and TP2 were exposed to 500 ticks, while calves TT4 and TP3 were exposed to 100 ticks.
